distinct hierarchical alterations associated with hallucinations and delusions that are consistent with focal increases in excitation-inhibition ratio at specific hierarchical levels.
Abstract
Hierarchical perceptual-inference models of psychosis may provide a holistic framework for understanding the psychotic syndrome of schizophrenia, including heterogeneity in its clinical presentations. Particularly, these models may explain why positive symptoms such as hallucinations and delusions tend to cluster together yet sometimes manifest in isolation: alterations at distinct levels of the perceptual-inference hierarchy (low vs. high) may cause individual symptoms (hallucinations vs. delusions), which in turn may tend to co-occur given interdependence across hierarchical levels.
Here, using a recently developed resting-state fMRI measure of intrinsic neural timescale (INT)-reflecting the time window of neural integration in a brain region and capturing hierarchical brain gradients-we aimed to test whether hallucinations and delusions are associated with distinct hierarchical alterations. First, we examined the robustness of INT and its relationship to a structural measure of neural hierarchies in 100 healthy subjects. Next, we investigated differences in INT between 127 patients with schizophrenia and 152 age-and gender-matched controls, finding that patients exhibited a widespread INT reduction. Finally, by examining INT gradients within anatomically defined hierarchies of the visual and auditory systems, we found distinct hierarchical INT alterations that scaled respectively with hallucination and delusion severity in the auditory system. Altogether and supported by simulations from a largescale biophysical model, our results suggest (1) a global reduction of INT in schizophrenia consistent with a global reduction in excitation-inhibition ratio, and (2)
Introduction
Hallucinations and delusions are burdensome symptoms that typically manifest together as the psychotic syndrome of schizophrenia. Perceptual-inference models of psychosis suggest that these symptoms result from alterations in the updating of internal models of the environment that are used to make inferences about external sensory events and their causes (1-3). These models are receiving increasing empirical support (4) (5) (6) (7) (8) (9) , yet current theories do not provide a satisfactory explanation for how hallucinations and delusions tend to co-occur but sometimes manifest in isolation. This suggests that these psychotic symptoms may share a common neurobiological mechanism and simultaneously depend on symptom-specific pathways.
We and others have proposed that this apparent tension may be resolved in the context of hierarchical perceptual-inference models (1, 3, 4, [10] [11] [12] [13] . One possibility is that alterations at higher levels-supporting inferences on abstract hidden states like someone's intentions-may drive delusions, and alterations at lower levels-supporting inferences about lower-level features of stimuli such as stimulus presence or absencemay drive hallucinations (2, 4, 6, 8, 14, 15) . In addition to these symptom-specific pathways, alterations at any level may naturally propagate throughout the interdependent levels of the hierarchy, potentially explaining symptom co-occurrence (16) . Importantly, inferential neural systems are thought to feature a hierarchical architecture of timescales that mirrors the hierarchical temporal dynamics of natural environments, where rapidly changing events are typically nested within slower changing contexts (17, 18) . Thus, inferences pertaining to slower changing contexts require neural systems with the ability to integrate information over longer periods of time, an ability consistent with the persistent neuronal activity that characterizes higherlevel regions (19) .
A hierarchy of neural timescales has been observed in both single-neuron recordings in non-human primates (20) and functional magnetic resonance imaging (fMRI) recordings in humans (21) (22) (23) (24) (25) ; and was reproduced using a large-scale biophysical model (16) . In particular, a newly developed method based on resting-state fMRI was shown to capture a hierarchy of intrinsic neural timescales (INT), as well as alterations in psychopathology (26) . Here, we specifically applied this method to test whether hallucinations and delusions are associated with distinct changes in INT at low and high levels of neural hierarchies, respectively. We hypothesized that INT at these respective levels would increase with more severe symptoms, reflecting increased neural integration of prior information in line with behavioral findings in hallucinations and delusions (4, 5, (27) (28) (29) . If present, these INT changes should manifest as symptomspecific differences in hierarchical gradients.
Methods

Human Connectome Project Dataset
T1w/T2w maps and resting-state fMRI data were obtained for a subset of 100 unrelated young and healthy subjects from the Human Connectome Project (HCP) WU-Minn Consortium (30) (Supplement). The preprocessed fMRI data were then used for estimation of INT maps in 32k Conte69 mesh surface space and in MNI152_ICBM2009a_nlin volume space with native spatial resolution. The T1w/T2w (myelin) maps (31) in 32k Conte69 mesh surface space were used to compare functional (INT) and structural (T1w/T2w) measures of hierarchy.
Schizophrenia Combined Dataset
T1w images and resting-state fMRI data were obtained for 331 healthy control subjects and 254 patients diagnosed with either schizophrenia (N = 241) or schizoaffective disorder (N = 13) from four publicly available datasets (Supplement).
The final sample after quality-control checks consisted of 127 patients and 152 age-and gender-matched controls (Supplement). The preprocessed fMRI data were then used for estimation of INT maps in MNI152_ICBM2009a_nlin volume space with native spatial resolution.
Symptom severity in patients was assessed with the Positive and Negative
Syndrome Scale (PANSS) (32) in the COBRE and BrainGluSchi samples, or with the Scale for the Assessment of Positive Symptoms (SAPS) (33) and the Scale for the Assessment of Negative Symptoms (SANS) (34) in the UCLA and NMorphCH samples.
To appropriately combine the scores across all four samples, we chose the subset of 7
items that constituted unequivocal matches between the PANSS and SAPS/SANS (in parentheses): delusions (global rating of delusions), conceptual disorganization (global rating of positive formal thought disorder), hallucinatory behavior (global rating of hallucinations), blunted affect (global rating of affective flattening), emotional withdrawal (global rating of anhedonia/asociality), passive/apathetic social withdrawal (global rating of avolition/apathy), lack of spontaneity and flow of conversation (global rating of alogia). PANSS scores were decreased by 1 point for all levels of severity and the severe and moderately severe levels were combined into a single level so that scoring conformed to the SAPS/SANS scale (from 0 to 5 with increasing severity).
Estimation of Intrinsic Neural Timescale Maps
The preprocessed fMRI data were further processed for artifact removal (Supplement) and INT maps were then estimated as previously described (26) . Briefly, the autocorrelation function of the fMRI signal at each voxel (or vertex) was estimated and the sum of the autocorrelation coefficients during the initial positive period was calculated. This initial positive period included all timepoints from the current timepoint (zero lag) until the timepoint immediately preceding the first lagged timepoint with a nonpositive autocorrelation coefficient. To adjust for differences in temporal resolution, the sum was multiplied by the TR of the fMRI data. This product was used as an index for INT (Note that values are similar to those from an exponential fit (20) ; Supplement).
Statistical Analysis
HCP Dataset
Based on previous work showing that lower T1w/T2w map values co-localize with higher hierarchical levels (35) To estimate the reliability of the INT measure in the schizophrenia combined dataset, INT maps were calculated in volume space for the HCP dataset using timeseries of approximately the same duration as those available in the schizophrenia combined dataset (Supplement) and two-way random, single score intraclass correlation coefficients [ICC(2,1)] were computed (38). predicting INT with each of the 7 symptoms (hallucinations, delusions, conceptual disorganization, emotional withdrawal, social withdrawal, blunted affect, and alogia) as regressors while controlling for age, gender, mean FD, and sample-acquisition site. We did not use standard statistical parametric-mapping approaches because our main focus was on effects along hierarchical gradients not necessarily dependent on anatomical proximity.
Schizophrenia Combined Dataset
Permutation Testing
To assess statistical significance while controlling for multiple comparisons, we used permutation tests, which provide adequate protection against false positives in fMRI analyses (40) . Our main test focused on differences between hallucinations and delusions in INT gradient effects within anatomically defined hierarchies of the auditory and visual systems-reflecting symptom-specific INT alterations at different hierarchical levels. This focus was justified by the greater consistency we observed across structural and functional hierarchical indices within the auditory and visual systems (Figure 1 ) and because hallucinations in schizophrenia tend to predominate in these modalities (41, 42) . Also, the auditory and visual systems, unlike the sensorimotor system, have the same number of clearly defined hierarchical levels and are thus more easily comparable. We specifically tested our hypothesis using a linear-regression model (M2) featuring interactions of symptom-by-hierarchical-level within anatomical gradients in sensory systems. We included a symptom-by-hierarchical-level-by-sensory-system interaction to test for differences between sensory systems. Permutation tests compared observed effects [parcel-wise t-statistics of individual regression coefficients from M2 (or M1exploratory)] to those in a null distribution obtained from 10,000 surrogate datasets in which the values of the predictor variables of interest in M1primary (or M1exploratory) were randomly shuffled. Corrected P-values at 0.05 ('Ppermutation'), two-sided, are reported.
Large-Scale Biophysical Model of Cortical Neural Timescales
We used a computational model of macaque cortex previously shown to capture the hierarchy of neural timescales observed using electrophysiology (16) . The model consists of 29 nodes with local excitatory and inhibitory pools of neurons. These nodes have both local (recurrent) and long-range connections. We then investigated alterations in excitation-inhibition (E/I) ratios by changing the strength of recurrent connections to recapitulate our in vivo observations. Complete details are provided in the Supplement. 
Results
Evaluation of Intrinsic Neural Timescales versus Structural and Anatomical
Hierarchies in the HCP Dataset
We first sought to describe the relationship between INT (26), an index of functional hierarchy (16, 20) , and the T1w/T2w index of structural hierarchy ( 
Assessment of Robustness and Reliability in the HCP Dataset
Next, we set out to determine the robustness and reliability of the measured INT values. We focused on head motion, a common source of artifacts in fMRI data (37) . 
Exploratory Analysis of Intrinsic Neural Timescales in Schizophrenia versus
Hierarchical Differences in Intrinsic Neural Timescales Between Hallucinations and Delusions
We hypothesized that hallucinations and delusions were associated with alterations in INT at different hierarchical levels. To test this, we determined the unique Critically, we found a significant difference in hierarchical-gradient effects across symptoms (hallucinations and delusions) and sensory systems (symptom-byhierarchical-level-by-sensory-system interaction: t20 = -3.78, Ppermutation = 0.02; Figure   3A ). This interaction was driven by a significant difference for hallucination severity versus delusion severity in the auditory hierarchy (symptom-by-hierarchical-level interaction: t20 = 3.51, Ppermutation = 0.02; Figure 3A ) that was non-significant in the visual hierarchy (t20 = -1.83, Ppermutation = 0.20; Figure 3A) . Dissecting the interaction within the auditory system showed that patients with more severe hallucinations tended to exhibit a relative increase in INT at lower levels of the auditory hierarchy, leading to a compression of the INT hierarchical gradient (hierarchical-level effect: t20 = -2.63, Ppermutation = 0.07; Figure 3) ; in contrast, patients with more severe delusions trended towards a relative increase in INT at higher levels of the auditory hierarchy, leading to a more pronounced INT hierarchical gradient (hierarchical-level effect: t20 = 2.34, Ppermutation = 0.11; Figure 3 ). Post-hoc analyses testing hierarchical-level effects separately for each symptom and sensory system only showed a significant gradient effect for hallucination-severity within the auditory system (r = -0.82, Ppermutation = 0.04; Figure 3A ). Thus, we found INT differences between these symptoms along the welldefined anatomical hierarchies of the auditory system, as well as evidence for differences in this effect between the auditory and visual systems. Analyses including the sensorimotor system showed similar results, as well as similar differences by symptom in the hierarchical-gradient effects of the sensorimotor and auditory systems (Supplement). 
Discussion
Using a recently developed method for measuring neural timescales from resting-state fMRI data, we set out to test the hypothesis that hallucinations and delusions are associated with dysfunctions at different levels of neural hierarchies. We Hierarchical models of perceptual inference posit that perceptions are shaped by prior beliefs (18, (49) (50) (51) (52) through reciprocal message-passing across different levels of sensory-processing hierarchies, the architecture of which mirrors the known anatomy of sensory systems (36, (44) (45) (46) (47) (48) . In this scheme, higher levels of the neural hierarchy are thought to represent increasingly abstract belief states that evolve at slower timescales (18) . For instance, during speech perception, the hierarchical structure of linguistic units can be parsed such that lower levels of auditory processing encode syllable information at faster timescales while higher levels encode sentence information at slower timescales (53) . An emerging body of work in psychosis has linked hallucinations to preferential biases towards prior beliefs in low-level inferences during detection or estimation of stimulus features (5) (6) (7) (8) and delusions to preferential biases towards prior beliefs in higher-level inferences about more abstract hidden states (4) (see Supplement for related but distinct frameworks).
The observed biases towards prior beliefs in past behavioral work can be framed as primacy biases (4), where past information is weighted more heavily during the inferential process, or equivalently, where information is integrated over longer timescales (27) . Temporal integration is at the core of the neural implementation of perceptual inference (28) and is thought to depend crucially on recurrent network activity (16, 29) . Thus, a plausible neuronal implementation of primacy biases at a given level of the hierarchy would be through increases in the strength of recurrent excitation or decreases in the strength of recurrent inhibition (i.e., elevated E/I ratio) leading to relative increases in neural timescales.
Here, we observed changes in neural timescales across anatomical levels of the auditory hierarchy that differed between hallucinations and delusions: patients with more severe hallucinations exhibited a less pronounced hierarchical gradient, consistent with increased timescales at lower levels, and those with more severe delusions instead exhibited a more pronounced hierarchical gradient, consistent with increased timescales at higher levels (Figure 3) . We further recapitulated these findings by respectively elevating E/I ratios at low or high hierarchical levels of a large-scale dynamical model (16) . These changes could, in principle, result from alterations in NMDA or dopamine activation at these levels, in line with glutamatergic or dopaminergic theories of psychosis (11, (54) (55) (56) (57) (58) (59) . These results thus demonstrate distinct hierarchical alterations for hallucinations and delusions that are generally consistent with our hypothesized hierarchical framework, where distinct hierarchical alterations provide symptom-specific pathways that together may explain symptom co-occurrence (see Supplement for predicted data for different symptom profiles), and present a plausible biological mechanism.
Such hierarchical alterations may also fit well with the phenomenological timescale of these symptoms. Clinical observation indicates that hallucinations-like rapidly changing sensory events-change transiently and intermittently over seconds or minutes, while delusions-like slowly changing 'conceptual' beliefs-evolve more slowly over days or months, but their average severity over a given period of time typically evolves in parallel. All these clinical features are consistent with a hierarchical structure of nested timescales (17) . While our findings generally support this notion, computational work explicitly laying out the proposed model in the context of inferential alterations in psychosis and empirical confirmations are warranted.
Our opposing findings for diagnosis (globally reduced INT) and symptom severity (focally increased INT) may be reconciled within pathophysiological models of psychosis which posit a key role for compensatory processes in schizophrenia.
Hallucinations and delusions have been proposed to represent a temporary state of the illness that results from a failed attempt to compensate for a trait-like, baseline deficit (3, 60) . Relatedly, long-standing circuit-level theories have suggested that psychosis-related increases in striatal dopamine transmission is secondary to a primary cortical deficit (61) . In particular, previous frameworks suggest that psychotic states are associated with excessive prior biases in inferential processes arising as an overcompensation for a baseline trait consisting of the opposite bias (2, 3) . From a biophysical-modeling standpoint, the trait-like baseline deficit in schizophrenia could consist of reduced E/I ratio (for instance, arising from NMDA-receptor hypofunction of excitatory neurons (62)), which behaviorally would translate into general recency biases. In contrast, a failed compensatory mechanism could result in local increases in E/I ratio at different levels leading to distinct primacy biases and psychotic symptoms (63) . While speculative, the compensatory changes could arise from dopaminergic alterations that effectively increase E/I ratio by preferentially boosting NMDA-receptor function of excitatory neurons (or other changes dampening NMDA-receptor function of inhibitory neurons) (55) .
Our finding of a preferential involvement of the auditory system may be unsurprising for hallucinations, since in schizophrenia this symptom tends to predominate in the auditory modality despite also presenting in the visual and other modalities (41, 42) . But the reason for the differences in the auditory hierarchy involving delusions is unclear. The mounting evidence of auditory-cortex abnormalities in schizophrenia (64) could suggest that delusions originate from auditory-cortex dysfunctions despite their modality-unspecific nature. Nonetheless, substantial evidence also suggests visual-cortex abnormalities in schizophrenia (65-67) and evidence from subclinical populations suggests symptom-specific hierarchical alterations in visual tasks (6) . Furthermore, the general differences in INT values between the auditory and visual system (Figure 1) , while potentially relevant to psychosis in and of themselves, could imply differential sensitivity in our analyses across sensory domains. Furthermore, our supplemental results involving the sensorimotor system, consistent with prior work (68, 69) , suggest psychosis-relevant alterations that are not limited to the auditory system.
Previous empirical work using structural (70) and functional measures (71-73), suggests hierarchical alterations in schizophrenia. This work however did not evaluate hierarchical differences between symptoms and used measures that differ fundamentally from our INT measure. In exploratory analyses testing diagnostic effects, we found global INT decreases in schizophrenia but failed to detect any general shifts in the hierarchical INT gradients. We used the same approach as a previous study measuring INT in individuals with autism, which reported decreased INT in visual cortex (and increased INT in the caudate) (26) . Consistent with our interpretation, this INT phenotype was linked to other data in autism supporting excessive weighting of sensory evidence (74, 75)-akin to a decreased primacy bias, or a recency bias. Some limitations are worth discussing. Because 93% of the patients (with available medication data) were taking antipsychotics, we cannot definitively rule out medication confounds, particularly on diagnosis effects. However, we observed no dose effects and no correlations between dose and symptoms, and did not expect differential neural modulations for hallucinations versus delusions (Supplement). Future studies should elucidate the effect of antipsychotics, and dopamine manipulations more generally, on INT. Lastly, we decided to focus on well-defined anatomical hierarchies within the auditory and visual systems, rather than including higher-level regions beyond associative sensory cortex (e.g., dorsolateral prefrontal cortex). This was justified by the ambiguity associated with defining hierarchical levels for the highest-level regions (76, 77) and because, when excluded, hierarchies within sensory regions alone still span roughly 75% of the entire hierarchical range (16, 78) . Moreover, our results held when we added the dorsolateral prefrontal cortex in the analysis as the top level in the hierarchy (Supplement).
In conclusion, we have presented neural evidence for distinct hierarchical changes in neural timescales in the auditory cortex as a function of hallucination and delusion severity, lending initial support for hierarchical views of psychosis. Additionally, our work suggests that INT (26) provides a reliable and interpretable measure of neural function with potential to elucidate hierarchical alterations and dysfunctions in circuit dynamics in schizophrenia and other neuropsychiatric disorders.
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